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Solar water splitting has attracted much attention as a clean and renewable route to produce
hydrogen fuel. Since the oxygen evolution half-reaction (OER) requires high overpotentials, much
research has focused on finding catalyst materials that minimize this energy loss. Oxynitrides with a
layered perovskite structure have the potential to combine the superior photocatalytic properties of
layered perovskite oxides with enhanced visible-light absorption caused by the band gap narrowing
due to less electronegative nitrogen ions. In this paper, we study the OER on the (001) and (100)
surfaces of the layered oxynitride Sr2TaO3N using density functional theory (DFT) calculations to
obtain the OER free energy profiles and to determine the required overpotentials at various sites on
each surface. We find that the reconstructed grooved (100) surface is most relevant for photocatalysis
due to suitable band-edge positions combined with a low overpotential and good carrier mobility
perpendicular to the surface.
INTRODUCTION
Over recent decades, an ever increasing energy demand
together with the negative environmental impact of ex-
isting fossil and nuclear energy sources has lead to an
intense search for clean and renewable forms of energy
and ways to store it. Water splitting to produce hydro-
gen (H2) fuel with the energy stored in the H-H chemical
bond has attracted much attention in this domain1. Fuel
cells can convert the produced H2 back into electricity
for various applications with just water as the byproduct.
When the energy required for water splitting is provided
by solar radiation, the procedure is sustainable and the
produced H2 is environmentally neutral.
The overall water-splitting reaction consists of two
half-reactions, the H2 evolution reaction (HER) being
driven by excess electrons and the O2 evolution reaction
(OER) by excess holes. In photocatalysis, recent stud-
ies have focused on devices in which a semiconductor
photoanode catalyzes the OER and a metal cathode the
HER2. The excess carriers are generated on the photoan-
ode by cross-gap electron excitation due to incident pho-
tons, the excitation providing a potential corresponding
to the band gap of the absorbing semiconductor. Ideally
an OER photocatalyst will have to provide a potential of
1.23 V but in reality larger potentials are required, the
difference being known as the overpotential. Besides in-
terface losses, the overpotential stems from the fact that
due to material-dependent adsorbate binding energies the
individual reaction steps of the four-step OER have free-
energy differences that deviate from the ideal value of
1.23 eV3,4. Scaling relations between the different ad-
sorbate adsorption energies lead to minimum theoretical
overpotentials of 0.37 V5,6, making this half-reaction the
bottleneck for water splitting7,8. Rendering this technol-
ogy economically viable crucially requires photoanodes
that simultaneously absorb visible light (band gaps be-
low 3 eV) and provide the required overpotential (band
gaps above 1.7 eV and adequate band edge positions)
while having overpotentials as close as possible to the
theoretical minimum.
Figure 1: Energetically favoured configuration of the
56-atom bulk Sr2TaO3N unit cell with octahedral
rotations and the nitrogen atoms adopting a cis order
on the equatorial sites.
Perovskite structured oxides with d0-transition
metal B site cations were shown to be efficient
photocatalysts9,10, but their wide band gaps make them
inappropriate for visible-light absorption. Substitution
of oxygen by less electronegative nitrogen leads to N 2p
states above the O 2p states at the top of the valence
band (VB). Since the conduction band (CB) states
remain nearly unaffected by this substitution11–13, the
band gap is reduced and these so-called oxynitrides are
suitable for visible-light absorption.
Perovskite materials can occur in multiple lay-
ered structure types, among them Ruddlesden-Popper
(RP)14, Dion-Jacobson15,16, Aurivillius phases17 and the
Lichtenberg phases18,19. Some of these layered struc-
ture types were shown to have higher photocatalytic H2
and O2 production compared to chemically similar non-
layered perovskite oxides9. A computational screening
of layered perovskite oxides and oxynitrides in the RP
structure indeed showed that these materials have ap-
propriate band gaps and that their VB and CB edges
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2straddle the water redox levels20. Beside these bulk cri-
teria the surface structure as well as the oxidising ad-
sorbates that form under application conditions are ex-
pected to affect the OER pathways and the resulting
activity of the catalyst. Up to date, computationally
studies of the OER mechanism have mostly focused on
metal oxide surfaces4,6,21, while only few studies inves-
tigate oxynitride surfaces22,23 and no reports exist for
surfaces of layered RP oxynitrides.
Here we use density functional theory (DFT) calcula-
tions to determine the thermodynamically most stable
terminations of the (001) and (100) surfaces of the RP
oxynitride Sr2TaO3N (bulk structure in Fig. 1) under
photochemical conditions. We then determine the over-
potentials of different OER mechanisms via Gibbs free-
energy differences of the individual reaction steps on the
most relevant terminations. Our findings show that a re-
constructed (100) surface is most relevant for photocatal-
ysis due to its stability, a low overpotential when covered
with oxygen adsorbates and a valence band maximum
that provide sufficient potential to drive the OER. More-
over, the reconstructed RP (100) surface shows better
OER activity under operating conditions than the (001)
surface of a non-layered material based on the same ele-
ments.
COMPUTATIONAL APPROACH
All density functional theory (DFT) calculations were
carried out with the Quantum ESPRESSO package24
using the Perdew-Burke-Ernzerhof (PBE)25 exchange-
correlation functional. Kinetic-energy cut-offs of 35
Ry for the plane wave basis and 280 Ry for the aug-
mented density were used for all calculations. Ultrasoft
pseudopotentials26 with Sr (4s, 4p, 4d, 5s, 5p), Ta (5s,
5p, 5d, 6s, 6p), O (2s, 2p), N (2s, 2p) and H (1s) as
valence electrons were used to describe electron-nuclear
interactions. Surface geometries were optimised with a
force convergence threshold of 0.025 eV/Å. Reciprocal
space was sampled by 4×4×1 and 4×2×1 Monkhorst-
Pack27 k -point meshes for the (001) and (100) surfaces
respectively that have lateral dimensions of 8.188×8.188
Å and 8.194× 12.526 Å.
Surfaces were constructed by cleaving the fully opti-
mised bulk structure (Fig. 1) with the lowest energy
cis nitrogen order and octahedral-rotation distortions28.
The SrO-terminated (001) slab (Fig. 2 a) is constructed
by cleaving perpendicular to the [001] direction between
two consecutive SrO layers. The resulting slab is sym-
metric and stoichiometric with 12 atomic layers and a
thickness of 22.6 Å. During relaxation the two middle
SrO layers are kept fixed. The surface exposes four un-
dercoordinated Sr atoms, surrounded by O atoms, that
represent active sites for the OER. The TaON-terminated
(001) slab (Fig. 2 b) is created cleaving perpendicular to
the [001] direction between a SrO and a TaON layer and
adding one extra TaON-layer at the bottom of the slab,
Figure 2: Side and perspective view of a) the
SrO-terminated (001), b) the TaON-terminated (001)
and c) the (100) surfaces of Sr2TaO3N.
resulting in a non-stoichiometric but symmetric 13-layer
slab with a thickness of 24.8 Å. The middle three atomic
layers are kept fixed during relaxation. The surface ex-
poses four undercoordinated Ta atoms, surrounded by O
and N atoms, on which the OER can take place. The
N atoms form a cis order in the ab plane. The (100)
slab (Fig. 2 c) is obtained by cleaving the bulk perpen-
dicular to the [100] direction resulting in a 24.4 Å thick,
symmetric and stoichiometric slab with 13 atomic lay-
ers. Here, the three middle layers are kept fixed during
structural optimization. In this case, the surface exposes
four undercoordinated Sr atoms and two undercoordi-
nated Ta atoms that can act as reaction sites for the
OER. A vacuum of 10 Å is added to all slabs to sepa-
rate the periodic images along the surface normal direc-
tion. A dipole correction29 was also used along the sur-
face normal direction. Surface Pourbaix diagrams and
OER free-energy profiles were computed using the estab-
lished approach by Nørskov4 (see supporting information
section S1). We note that, as discussed in the supporting
information, the theoretical overpotential is independent
of the pH and for simplicity, we therefore consider pH=0
throughout this work.
RESULTS AND DISCUSSION
TaON-terminated (001) surface
Starting from the clean TaON-terminated (001) slab,
we investigate the free-energy changes associated with
different coverages of hydroxyl and oxygen adsorbates.
While for surfaces covered with OH*, we observe the
adsorbates to remain nearly upright or to lean slightly
towards neighboring N atoms, we find for the fully O*-
covered surface a more complex surface adsorbate struc-
3Figure 3: Top views of different configurations of the
fully O*-covered TaON-terminated (001) surface: a)
four O* atoms tilted towards surface N atoms following
the zig-zag N-anion order, b) three O* atoms tilted and
one O* upright and c) two O* atoms tilted and two O*
atoms upright (diagonally aligned). Orange spheres
denote adsorbate O* atoms and dotted circles indicate
the upright O* atoms.
ture. At high coverage, O* adsorbates tend to tilt signif-
icantly to bond with surface N atoms. We consider the
situations where all four O* are tilted (4 O* tilt), three
O* are tilted and one remains upright (3 O* tilt) and
two of them tilt with two remaining upright (2 O* tilt)
as shown in Fig. 3. Somewhat surprisingly, we find that
the 3 O* tilt configuration is more stable than the 4 O*
tilt structure by 0.93 eV, while the 2 O* tilt configuration
is significantly less stable. By comparing the density of
states (DOS) of the 3 O* tilt and 4 O* tilt configurations
(see supplementary Fig. S4), we see that while the lat-
ter has equivalent states associated with all adsorbates,
adsorbate states in the former become highly unequal
and we see the appearance of an unoccupied N-O state
in the band gap just above the Fermi energy. Simulta-
neously, we see a very marked state associated with the
upright O* appearing at lower energies than the states
originating from the other O*. This can be interpreted
as a charge transfer from pi∗ antibonding N-O states (see
supplementary Fig. S5) to lower lying states associated
with the upright O*, resulting in stronger N-O bonds and
hence a lower total energy. There is hence a balance be-
tween the number of N-O bonds and associated bonding
and antibonding states and upright O* states, which is
optimal for the 3 O* tilt case.
In Fig. 4 a) we report the energies of surfaces with
different adsorbate coverages and configurations with re-
spect to the clean surface as a function of the potential
and at pH=0. At potentials close to zero the clean (no
adsorbates) surface is most stable, while we observe ter-
minations with a higher coverage of more oxidising ad-
sorbates (O* rather than OH*) to become increasingly
more stable at higher potentials. In particular, our cal-
culations predict that for potentials above 0.2 V the sur-
face is covered with 1/2 monolayer (ML) OH* and 1/2
ML O* where we also observe the O* atoms to tilt and
bond with surface N atoms (see supplementary Fig. S2).
For potentials above 1.2 V the surface is covered with 1
Figure 4: a) Surface Pourbaix diagram of the
TaON-terminated (001) surface as well as OER steps
(left) and Gibbs free energy diagrams (right) for b) the
clean surface, c) the surface covered with 1/2 ML OH*
and 1/2 ML O* and d) with 1 ML O* considering the
tilted O* as reaction site.
ML of O*, assuming the 3 O* tilt structure (Fig. 3 b)
discussed above.
We first investigate the OER on the clean TaON-
terminated (001) surface that is relevant at potentials be-
low 0.2 V and calculate the free-energy differences of the
four individual proton-coupled-electron transfer (PCET)
steps. The surface configurations during the OER are
shown in Fig. 4 b. Step 1 corresponds to the deproto-
nation of one H2O molecule, the resulting OH fragment
remaining vertically adsorbed on the Ta site and leading
to a small outwards relaxation. In step 2, the OH* is
4further deprotonated to O*, which remains vertically ad-
sorbed on top of the surface Ta atom, while leading to a
more marked outward relaxation. The deprotonation of
another water molecule in step 3 and the association of
the resulting OH fragment with the adsorbed O* leads to
the formation of an OOH* on the Ta site which, in step
4 after a final deprotonation, desorbs as an O2 molecule
leaving the surface clean from adsorbates. The free en-
ergy diagram (Fig. 4 b) reveals that the overpotential-
determining step (ODS) is the formation of O* (step 2).
The potential needed for all the OER steps to be down-
hill is 1.71 V corresponding to a theoretical overpotential
of 0.48 V.
Next, we study the OER on the 1/2 ML OH* and
1/2 ML O* covered surface. We consider the OER to
happen on one of the tilted O* since the OER on the OH*
requires a higher overpotential (Fig. S3). We find an
OOH* intermediate formed on this O* to be unstable and
to dissociate into a O* and OH* bound to the same Ta. In
other words, it is energetically more favorable to adsorb
the OH* resulting from deprotonating the water molecule
on the Ta site rather than to form the OOH*. We hence
proceed with a different mechanism, in which the initial
tilted O* remains passive and the OER proceeds by the
conventional mechanism as if the Ta site was bare (Fig.
4 c). The free energy diagram reveals that the ODS is
the formation of the OOH* with a free energy difference
of 1.76 eV. This free energy change corresponds to an
overpotential of 0.53 V, comparable to the one obtained
on the clean surface. A recombination mechanism of the
second O* with the tilted O* is highly unfavorable in all
situations (see supporting information Section S2).
Finally, we consider the OER on the energetically most
stable fully O*-covered 3 O* tilt surface (Fig. 3 b). As
discussed above, the states associated with the tilted and
upright O* are located at very different energies and we
thus consider these sites independently for the OER. Just
as for the 1/2 ML O* and 1/2 ML OH* covered surface,
we find that the OOH* intermediate formed on a tilted
O* is unstable and dissociates into a O* and OH* bound
to the same Ta and therefore proceed with the mecha-
nism described above. The free energy diagram (Fig. 4
d) reveals that the limiting step in this case is the de-
protonation of OH* (step 2). The potential required for
the process to become thermodynamically favourable is
1.84 V, which represents an overpotential of 0.61 V. For
the OER on the upright O* (Fig. S7) we find the OOH*
intermediate to be stable and calculate the Gibbs free en-
ergy change for the conventional mechanism. The ODS is
the formation of the OOH* intermediate with a free en-
ergy change of 2.61 eV corresponding to an overpotential
of 1.38 V, which is much higher than the one obtained
on the tilted O*.
Figure 5: a) Surface Pourbaix diagram of the
SrO-terminated surface as well as OER steps (left) and
Gibbs free energy diagrams (right) for b) the clean and
c) the fully O* covered surface.
SrO-terminated (001) surface
Fig. 5 a) shows the free energy relative to the clean
surface for different adsorbate coverages of the SrO-
terminated (001) surface as a function of the applied
potential. For potentials lower than 0.75 V, the clean
surface (with no adsorbates) is most stable, whereas for
potentials in the range 0.75-1.2 V the surface covered
with 3/4 ML OH* is the most stable, while the SrO sur-
face covered with 1/2 ML of OH* and 1/2 ML of O*
atoms becomes stable in a small range of 1.2-1.25 V.
For even higher potentials the fully O*-covered surface
is thermodynamically favoured.
We first investigate the OER on the clean surface (Fig.
5 b). The OER proceeds by the conventional mechanism,
with adsorbates in a bridge site between two Sr atoms,
which is in agreement with other studies of O* adsorption
on the A cations of perovskite oxide (001) surfaces30,31.
We note that the binding of the O* adsorbate results in a
significant shift of the surface Sr atoms while the OOH*
and OH* adsorbates do not lead to such a change in sur-
5face structure. This displacement of the surface atoms
by the adsorbate is indicative of a low stability of the
SrO-terminated surface in an oxidising environment and
implies that this surface termination may not be very rel-
evant for the OER. The free energy profile based on these
potentially unstable structures (Fig. 5 b) shows that the
ODS corresponds to the formation of O* and has a free
energy difference of 2.65 eV, corresponding to a theoret-
ical overpotential of 1.42 V. This overpotential is signifi-
cantly higher than on the TaON termination, which can
be related to the too weak binding of the O* on the SrO
termination. Indeed we find the O* binding energy on
the SrO termination to be 0.73 eV more positive (weaker
bond) than on the TaON surface (see Table I at the end
of the article).
Next, we study the OER on the fully O*-covered sur-
face (Fig. 5 c) which is the most stable termination at
application-relevant potentials > 1.23 V. In this configu-
ration, two O* atoms recombine and form an O2 molecule
adsorbed on a Sr atom with the remaining two O* form-
ing bonds with the surface O atoms. We note that this
O2 formation leads to a spurious energy lowering. We
consider the OER on the still adsorbed O*. The mech-
anism that we find to be most favourable, does not in-
volve OOH*, but proceeds by formation of OH* species
in bridge positions between Sr sites and after deproto-
nation of OH* to O* their coupling with a pre-adsorbed
O* (circled in Fig. 5 c) and desorption of O2, with a
small energy difference of 1.42 eV. This mechanism has
as the ODS the deprotonation of OH* with a free energy
difference of 1.79 eV, corresponding to an overpotential
of 0.67 V. The overpotential under these conditions is
lower than on the clean SrO surface and comparable to
the ones obtained for the TaON-terminated surface.
(100) surface
We further study the (100) surface of Sr2TaO3N, which
exposes Sr and Ta reaction sites at a ratio of 4:2. We
investigate different O* and OH* coverages on both sites
(Fig. 6 a) in order to determine the preferred coverage of
the surface as a function of the potential. We see that the
OH* covered termination (2/3 ML) becomes most stable
for potentials between 0.18 V and 0.50 V, after which first
the OH* adsorbed at the Ta site deprotonates, followed
by the OH* at the Sr site for potentials beyond 0.8 V. On
the resulting fully O*-covered surface, we however notice
an unstable surface structure with large displacements of
Sr atoms and desorption of O2 and ON (supplementary
Fig. S9). We thus assume that this fully O*-covered
(100) surface will reconstruct as discussed in the next
section.
We investigate the OER on the clean (100) surface,
treating the two reaction sites separately (Fig. 6 b and
c). Interestingly, we observe that despite the ODS being
the same (step 2) on the Sr and Ta terminated clean (001)
surfaces as determined above, on the (100) surface the
Figure 6: a) Surface Pourbaix diagram of the (100)
surface (top) as well as OER steps (left) and the Gibbs
free energy diagrams (right) for b) the Ta and c) the Sr
site on the clean (100) surface.
ODS changes to step 3 for the Sr site. The overpotential
on the Ta site (0.66 V) is significantly lower than on the
Sr site (1.49 V), which agrees with the higher activity of
the Ta site compared to the Sr site already found above
for the (001) surface terminations. Still, the (100) surface
requires higher overpotentials than the (001) surfaces,
implying a lower OER reactivity.
Reconstructed grooved (100) surface
As mentioned above, for potentials above 0.8 V, the
fully O*-covered surface is the most stable but our cal-
culations show an instability of the surface. We hence
investigate the OER on a surface where the unstable Sr
sites as well as their coordinating O and N atoms have
been removed (see supporting information Section S4),
resulting in a groove, while surface N atoms are substi-
tuted by O atoms to cancel polarity. The new surface
shown in the inset of Fig. 7, exposes two Ta atoms on
the upper terrace as reactive sites surrounded by O atoms
6Figure 7: Stability of the O*-covered flat and grooved
(100) surfaces with respect to the clean (100) surface.
The structure of the grooved (100) surface is shown in
the inset.
and two Ta on the lower terrace surrounded by both N
and O atoms.
We investigate the stability of the grooved surface
with respect to the clean, non-reconstructed (100) sur-
face (Fig. 7), considering that the removed Sr, N, and O
atoms form solvated ions in water. Following the ther-
modynamic approach of Rong and Kolpak32, we calculate
the free energy of the reconstructed (100) surface consid-
ering both the formation energy of the surface vacancies
on the clean (100) surface and the formation energy of
the solvated ions (see supporting information section S1).
Interestingly, we find that the reconstructed grooved sur-
face is favoured over both the flat, clean and O*-covered
surfaces at all potentials, showing the preference of the
(100) surface to reconstruct in contact with water.
We first investigate the OER on the Ta-sites of both
the upper and lower terrace of the grooved (100) surface
without adsorbates (Fig. S11) considering the conven-
tional mechanism (results for other sites can be found in
the supporting information). We find that the Ta-site
of the lower terrace (bonded with a N atom along the
z direction) requires the lowest overpotential (Fig. 8 b)
having as ODS the desorption of the O2 molecule with
a free energy difference of 1.96 eV corresponding to an
overpotential of 0.73 V, higher than the one obtained on
the clean TaON-terminated surface.
Next, we investigate the OER on the O*-covered ter-
mination, which we find to be more stable than the clean
grooved surface for potentials higher than 1.19 V (Fig. 8
a). The two O* atoms on the upper terrace are adsorbed
in a tilted configuration on the Ta atoms with one O*
bonding with a surface O while the other does not form
such a bond and we consider the OER on the two sites
separately. We find the formation of OOH* to be un-
stable when O* is bonded with the surface O atom and
hence consider the conventional mechanism on the over-
coordinated Ta site similarly to the O*-covered TaON-
Figure 8: a) Surface Pourbaix diagram of the grooved
(100) surface as well as OER steps (left) and Gibbs free
energy diagram (right) for b) the clean and c)-d)
different sites on the 1 ML-O*-covered surface.
terminated (001) surface (Fig. S13), for which we find
an overpotential of 0.92 V. Interestingly, when consider-
ing an alternative mechanism involving the recombina-
tion of the O* and the deprotonated OH* intermediates
and their desorption as an O2 molecule, we find a lower
overpotential (Fig. 8 c). The ODS for this mechanism
is the adsorption of the second OH* intermediate on the
empty Ta site with a free energy difference of 1.78 eV, cor-
responding to an overpotential of 0.55 V which is lower
than the ones obtained on the (001) surfaces. We want to
note that this recombination may however be associated
with a kinetic barrier. On the O* that does not bind with
surface O, we find the ODS to be the oxidation of OH*
with a free energy change of 2.31 eV corresponding to an
overpotential of 1.08 V (Fig. S14), which is larger than
7on the bonded O*, in agreement with the above results
for the 1 ML O* covered TaON-terminated (001) surface.
We further investigate the OER on the lower terrace,
which exposes one upright O* and one O* tilted and
bonded with a surface N atom (Fig. 8 d). Interestingly,
we find that the conventional mechanism on the upright
O* results in a low overpotential of 0.47 V in contrast
to the other upright cases. Here step 1 (OH* forma-
tion) is the ODS similarly to the case of the upright O*
on the TaON-terminated surface. We can relate this to
large structural relaxation (by 0.24 Å) of the Ta atom
along the c direction, which results in the largest energy
changes during step 1. We note that the recombination
mechanism on the lower Ta-site has a significantly higher
overpotential.
Positions of the valence-band maxima
It is essential to determine the position of the valence-
band edge relative to the normal hydrogen electrode
(NHE) since this energy difference represents the OER
bias potential resulting from the photo-excitation of elec-
trons. We use an empirical method to estimate the band
edges of Sr2TaO3N, which is based on the electroneg-
ativities of the contituent elements, χelement, and the
bandgap, Egap of the bulk20. The band edges for the
RP oxynitride Sr2TaO3N within this approximation are:
EV B,CB = E0 + (χ
2
SrχTaχ
3
OχN )
1/7 ± Egap/2 (1)
where E0 is the difference between the vacuum level and
the NHE (-4.5 eV). We previously determined Egap of
bulk Sr2TaO3N as 2.005 eV using the hybrid functional
HSE0628. Using this value and the electronegativities
calculated from the electron affinities and the ionization
potentials as proposed by Mulliken33, we find the VB and
CB edges at 1.73 eV and -0.28 eV vs NHE respectively.
The VB edge that we are mostly interested in for water
oxidation, is in agreement with the one previously deter-
mined based on G0W0 calculation of Egap and the same
empirical method20.
To further estimate the band edges of the various sur-
faces, we align the PBE density of states (DOS) of bulk
Sr2TaO3N and its (001) and (100) surfaces at a Sr 4s
semi-core state (Fig. 9). We observe that the valence-
band maximum (VBM) of both the SrO-terminated (001)
surface (0.01 eV lower) and the (100) surface (0.025 eV
lower) are in the same range as the one of the bulk while
the VBM of the reconstructed (100) surface is 0.06 eV
lower in energy. The VBM of the TaON-terminated (001)
surface however is located at a significantly higher energy
(0.665 eV) compared to all other VBMs due to the sur-
face nitrogen states that are destabilised with respect to
the bulk states28.
Since direct hybrid functional calculations of surface
band edges are prohibitively expensive, we here consider
the above values relative to the bulk hybrid functional
VBM (1.73 eV) to estimate surface VBMs with respect
Figure 9: Electronic density of states (DOS) of bulk
Sr2TaO3N and its surfaces, obtained using PBE. The
DOS have been aligned at a Sr 4s semi-core state -18.6
eV below the Fermi energy and each DOS is scaled
according to the number of electrons in the respective
structure.
to the NHE, which are 1.73 eV, 1.06 eV, 1.75 eV, and 1.78
eV for the SrO-terminated (001), the TaON-terminated
(001), the (100) surface and the grooved (100) surface
respectively. These VBM positions correspond to the
potential vs. NHE that light irradiation provides and
will determine the adsorbate coverage of the surface un-
der illumination. We note that for all surfaces a full O*
coverage is preferred at these potentials as indicated by
the vertical EVB line in the various surface Pourbaix di-
agrams. The difference between the respective VBM and
the water oxidation potential (1.23 V vs. NHE) corre-
sponds to the overpotential the surface provides. The
TaON-terminated (001) surface does not provide a posi-
tive overpotential and is, despite it’s promising catalytic
activity, not able to drive the OER without an exter-
nal potential. For the SrO-terminated (001) surface, the
provided overpotential of 0.5 V is slightly smaller than
the smallest computed OER overpotential of 0.56 V for
the O*-covered surface, rendering this termination also
unable to drive the OER. The (100) surface in its stable
reconstructed form provides an overpotential of 0.55 V,
which is larger than the smallest computed OER overpo-
tential (0.47 V) and the reconstructed (100) surface can
thus drive the OER.
Comparison of OER on (001) surfaces with layered
and non-layered structure
Experimental studies have compared the photocat-
alytic activity of layered with non-layered perovskite-
oxides and have shown the higher photocatalytic activity
of the layered materials9,34,35. In this section, we thus
compare the overpotentials obtained for the (001) sur-
8Figure 10: Volcano plot of the free energy difference of
step 2 (∆GO∗) and the OER overpotential (η) for both
layered and non-layered TaON-terminated (001)
surfaces.
faces of layered Sr2TaO3N with the ones previously re-
ported for non-layered SrTaO2N (001) surfaces23. In that
work a O*-covered surface with 4 O* tilted was consid-
ered but we find, in analogy to the above results, that
a termination with 3 tilted and one upright O* is more
favorable also for SrTaO2N. In Table I we thus report, in
addition to this 4 O* tilt case, the overpotential also for
the energetically preferred 3 O* tilt structure.
For the clean SrO-terminated (001) surface we predict
a larger overpotential on the layered compared to the
non-layered material even though the ODS is the same.
Since the O* binding energy on the non-layered surface is
1.01 eV lower (stronger) than on the layered surface, the
oxidation of OH* to O* requires less energy according
to the universal scaling relations5,6. For the O*-covered
SrO-terminated (001) surface, we find a different mech-
anism to be favored on the layered and the non-layered
surface, which is reflected in the very different overpoten-
tials, the layered material being significantly more active.
For the clean TaON-terminated (001) surface on the
other hand we predict a significantly smaller OER over-
potential for the layered surface compared to the non-
layered one, the ODS being step 3 (OOH* formation)
and step 2 (O* formation) respectively. This is due to the
much stronger binding of O* to the non-layered surface,
which, according to the commonly-used volcano analysis
as a function of the free energy of step 23,6,36, indicates
that the two materials are located on different sides of
the volcano tip. While the layered material is located
on the right branch and limited by weak O* adsorption,
the non-layered material is located on the left branch and
limited by strong O* adsorption as shown in Fig. 10. We
find that a full ML O* adsorbate coverage increases the
overpotential of the layered material, while it decreases
the overpotential of the non-layered material. We can
relate this to the fact that increasing the O* coverage
decreases the binding strength of individual O* adsor-
bates. Given that the non-layered material is located
on the left branch of the activity volcano, this change
will shift the overpotential towards the tip of the volcano
(Fig. 10). The layered material, already being on the
right branch, moves further away from the tip, result-
ing in a higher overpotential. For the fully O*-covered
TaON-terminated (100) surface the trend of a higher ac-
tivity of the layered material is retained only when con-
sidering the energetically less favorable 4 O* tilt surface,
but it is inverted when considering the energetically fa-
vorable 3 O* tilt surface structure. This is due to the
fact that in the 4 O* tilted structure O* is bound signif-
icantly stronger, which shifts this surface from the right
to the left branch of the volcano.
CONCLUSIONS
We investigated the surface adsorbate coverage and
the OER mechanisms on the (001) and (100) surfaces
of Sr2TaO3N. For all surfaces, we predict full coverage
with O* adsorbates under light irradiation. We observe
complex surface structures at high O* coverages with O*
forming bonds with surface N atoms.
The potential provided by the valence-band edge of the
TaON-terminated (001) surface is more negative than the
lowest OER potential and hence not sufficient to drive the
reaction. The same is true for the SrO-terminated (001)
surface, which is hence also unable to drive the OER.
For the (100) surface on the other hand, we predict a
grooved reconstruction to be most stable that has a low
overpotential of 0.47 V and provides a sufficient potential
to drive the OER. Combined with the high carrier mobil-
ity perpendicular to the surface28, this renders the (100)
surface the most relevant Sr2TaO3N surface to photocat-
alyze the OER.
Comparing the reconstructed grooved (100) surface of
the layered Sr2TaO3N with the TaON-terminated (001)
surface of non-layered SrTaO2N, we find the smallest
overpotential for the Ta site on the lower terrace of the
former, which is in agreement with the improved catalytic
activity of layered perovskite materials.
9Table I: Comparison of OER overpotentials, ODS and O binding energies of surfaces with layered and non-layered
structure. For the 3 O* tilt structure, the results in parentheses correspond to the upright O* site.
Overpotential ODS O Binding Energy
Surface termination layered non-layered layered non-layered layered non-layered
(001) SrO (clean) 1.42 1.1423 2 223 3.22 2.21
(001) SrO (1 ML-O*) 0.56 1.1423 4 223 2.24 2.03
(001) TaON (clean) 0.48 1.0123 2 323 2.50 0.62
(001) TaON (1 ML-O*, 4 O* tilted) 0.53 0.8823 3 323 1.57 0.85
(001) TaON (1 ML-O*, 3 O* tilted) 0.61(1.38) 0.52(1.26) 2(1) 3(1) 2.30 1.39
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S1. METHODS
We calculate the Gibbs free energy differences of the different surface terminations with respect to the clean (no
adsorbates) surface:
∆G = ∆E + (∆ZPE − T∆S)− eU + kBT ln10 · pH (S1)
where ∆E is the DFT total energy difference between the surface with adsorbates and without (clean), ∆ZPE is the
zero-point energy difference of the adsorbates and T∆S is the change in the entropy, both of which are calculated
through phonon calculations (see Table S1), eU describes the energy shift due to the bias potential and the last term
is the correction of the free energy of H+ ions at pH6=0.
Table S1: Values of the uero-point energy (ZPE) and change in entropy (∆S) determined by phonon calculations.
ZPE (eV) TS (eV)
H2O 0.56 0.67
H2 0.27 0.41
O* 0.08 0.00
OH* 0.33 0.00
OOH* 0.43 0.00
O2 0.10 0.64
The OER mechanisms being studied in this work involve four concerted proton-coupled electron transfer steps
(PCET) on the surfaces. The thermo-chemistry of this mechanism is investigated following the method developed
by Nørskov and coworkers1. The one-electron steps of the conventional OER mechanism (involving OOH*) are the
following:
Step 1: H2O(l) +∗ → HO∗ +H+ + e− (S2)
Step 2: HO∗ → O∗ +H+ + e− (S3)
Step 3: H2O(l) +O∗ → HOO∗ +H+ + e− (S4)
Step 4: HOO∗ → O2 +H+ + e− (S5)
where the symbol * represents a surface reaction site and O*, OH* and OOH* are adsorbed oxygen, hydroxyl and
hydroperoxy groups respectively. We note that the above steps describe the OER mechanism under acidic conditions
under which perovskite oxynitrides are unstable. These steps are however analogous to the ones under alkaline
conditions by substituting H2O(l) → OH−(aq) + H+(aq) and for convenience we work under acidic conditions. The
Gibbs free energy difference for each of the above steps is calculated using equation S1, where ∆E now is the DFT total
energy difference between the two adsorbates. Due to the inability of DFT to accurately describe the O2 molecule,
its energy is calculated through the water dissociation reaction: 2H2O → O2 + 2H2 considering the experimental
free energy of dissociation of one water molecule (2.46 eV). In this case, we calculate:
∆G = 4.92eV = EO2 + 2EH2 − 2EH2O + (∆ZPE − T∆S) (S6)
Moreover, the free energy of the H+ + e− is taken as equal to the energy of 12H2 in the gas phase at standard
conditions (pH=0, p=1 bar and T=298 K), which corresponds to the so-called computational standard hydrogen
electrode (SHE).
In the ideal case the minimum overpotential for this procedure would be accomplished by having the same Gibbs
free energy difference (1.23 V) for each step. In real cases, an additional overpotential η is needed for the OER to be
thermodynamically favorable (∆G < 0):
η = max(∆G1,∆G2,∆G3,∆G4)/e− 1.23V (S7)
2Although the Gibbs free energy differences depend on the pH, the theoretical overpotential is independent of pH
since both the free energy and the OER potential are affected by the same amount kBTln10·pH = 0.828 eV at pH6=0.
For this reason, in this work we consider only pH=0.
The conventional OER mechanism on a fully O*-covered surface has been described by Valdés et al.1:
Step 1: H2O +O∗ → HOO∗ +H+ + e− (S8)
Step 2: HOO∗ → O2 +H+ + e− (S9)
Step 3: H2O +∗ → HO∗ +H+ + e− (S10)
Step 4: HO∗ → O∗ +H+ + e− (S11)
where * indicates an adsorbed intermediate or an active site.
The binding energies of the intermediates OH*, O*, and OOH* are equal to:
∆EOH∗ = EOH∗ −E∗ −(EH2O −
1
2
EH2) (S12)
∆EO∗ = EO∗ −E∗ −(EH2O − EH2) (S13)
∆EOOH∗ = EOOH∗ −E∗ −(EH2O −
3
2
EH2) (S14)
(S15)
where the energies EOH∗, EO∗, EOOH∗ and E∗ are DFT total energies of the surfaces with adsorbates OH*, O* and
OOH* and the clean surface respectively.
For the formation of the reconstructed (100) surface, we consider the reaction of the (100) surface with water and
the formation of solvated ions. We compare the stability of the grooved (100) surface with respect to the clean (100)
surface following the method described in the work of Rong and Kolpak2 and calculate two energies ∆G1 and ∆G2.
The first is the free energy required to remove one neutral atom A from the surface, which we calculate through DFT:
∆G1 = Gnew + µA −Gref (S16)
where Gnew is the free energy of the reconstructed surface and Gref the one of the clean surface and µ is the chemical
potential of atom A.
Next, we calculate the solvation free energy of atom A when it forms the solvated ion HxAOz−y , which depends on
the potential and pH:
∆G2 = µHxAOz−y − µA −
∑
niµi (S17)
where µHxAOz−y is the chemical potential of the solvated ion and ni and µi are the number and the chemical potential
of species i = H2O,H+, e−. ∆G2 is calculated at the standard hydrogen electrode (SHE) and becomes:
∆G2 = ∆GSHE − ne(eUSHE)− 2.3nH+kTpH + kT ln aHxAOz−y (S18)
The sum of these two energies results in the free energy of the reconstructed surface with respect to the clean
surface. For the removal of more than one atom form the clean surface the free energy is:
∆G = (Gnew −Gref +
∑
nAµA) +
∑
nA[∆G2]A (S19)
where nA is the number of atoms transferred to the solution. We note that all the free energies are calculated at
pH=0 similar to the free energies of the O*/OH*-covered terminations.
In order to form the grooved (100) surface, we remove 4 Sr, 2 N and 1 O atoms from the clean (100) surface. ∆G
is thus equal to:
∆G = (Gstepped −G(100)clean + 4µSr + 2µN + µO) + 4∆GSr
2+
2 + 2∆G
NH4+,NO3−,N2
2 + ∆G
O
2 (S20)
or
∆G = (Gstepped −G(100)clean + 4EDFTSr + 2
1
2
EDFTN2 +
1
2
EDFTO2 ) + 4∆G
Sr2+
2 + 2×∆Gi2 + ∆GO2 (S21)
where i designates different solvated nitrogen species (see Table S3).
3Table S2: DFT energies used to calculate ∆G1.
Structure DFT energy (eV)
(100) clean surface -143518.179
(100) stepped surface -138535.569
O2 -867.870
N2 -541.334
Sr bulk -997.846
Table S3: Formation energies of solvated ion at pH=0.
solvated ions ∆Gf 3,5 (eV) ∆G2 (eV)
NH+4 (aq) -0.793 +eU + kT ln aNH+4 − 0.793
NO−3 (aq) -1.087 −5eU + kT ln aNO−3 − 1.087
NO−2 (aq) -0.334 −3eU + kT ln aNO−2 − 0.334
N2 (aq) 0.188 0eU − 0.188
N2O2−2 (aq) 1.438 −2eU + kT ln aN2O2−2 + 1.438
HNO3 (aq) -1.146 −5eU − 1.146
Sr2+ (aq) -5.595 −2eU + kT ln aSrOH+ − 5.595
O (aq) -2.460 +2eU − 2.46 (O2(g) as a reference)
We report the DFT total energies of the different structures required to calculate ∆G1 and the formation energies
of the formed solvated ions, which are taken from standard tables3 and required to calculate ∆G2 in Tables S2 and
S3 respectively. The Pourbaix diagram of nitrogen4,5 shows that different ions are formed depending on the applied
potential (at pH=0) and we thus consider each of them. The concentration for each atom we remove is equal to 1/16
ML.
The free energy of the stepped (100) surface with respect to the clean (100) surface considering the different nitrogen
ions is shown in Fig. S1.
Figure S1: Phase stability of the stepped (100) surface with respect to the clean (100) surface considering the
equilibrium with respect to different solvated nitrogen species.
We determine the stability of the O*-covered and OH*-covered grooved (100) surfaces with respect to the clean
grooved (100) surface at pH=0 in the same way we did for the (001) surfaces:
∆G = E4O∗ − Eclean + 4EH2 − 4EH2O + (∆ZPE − T∆S)− 8eU (S22)
and
∆G = E4OH∗ − Eclean + 2EH2 − 4EH2O + (∆ZPE − T∆S)− 4eU. (S23)
4S2. TAON-TERMINATED (001) SURFACE
The configuration with 1/2 ML of O* and 1/2 ML of OH* on the TaON-terminated (001) surface is shown in Fig.
S2. The different adsorbates are aligned parallel to the b axis. The OH* are adsorbed vertically on top of the Ta-sites
while the O* atoms are tilted on the surface and bonded also with surface N.
Figure S2: Configuration of the TaON-terminated (001) surface with 1/2 ML of O* and 1/2 ML of OH*.
Figure S3: OER steps (left) and Gibbs free energy diagram (right) for the 1/2 ML OH* 1/ML O*-covered
TaON-terminated (001) surface, considering OH* as reaction site.
In Fig. S4 we report the site-projected electronic density of states (DOS) of the O*-covered TaON-terminatd (001)
surface in the 3 O* tilt and the 4 O* tilt configuration, while Fig. S5 shows the integrated local density of states
(ILDOS) of the indicated peaks of the 3 O* tilt configuration.
We investigate the Gibbs free energy changes during the OER on the two energetically most favoured fully O*-
covered TaON surfaces. We start with the less favorable case (4 O* tilt). The OER takes place on a O* atom.
The conventional mechanism1 (Fig. S6 a) involves the adsorption of OH* on the already adsorbed O* forming
OOH*. During this conventional mechanism, we observe that the OOH* formation on the O*-covered TaON surface
is particularly unstable and the OH fragment relaxes on the Ta site and not on the O* atom (OOH* dissociation). As
a result the desorption of the OOH* and formation of the O2 molecule has a high Gibbs free energy change (Fig. S6 a)
due to breaking of the strong Ta-O-N bond leading to a very high overpotential. We thus consider the recombination
of the two O* to form O2 that desorbs as follows:
Step 1: H2O +O∗ → HO∗ + O∗ +H+ + e− (S24)
Step 2: HO∗ +O∗ → O2 +H+ + e− (S25)
Step 3: H2O +∗ → HO∗ +H+ + e− (S26)
Step 4: HO∗ → O∗ +H+ + e− (S27)
We however find a high overpotential of 2.47 V for this mechanism with step 2 being the ODS (Fig. S6 b). We conclude
that neither the conventional nor the recombination mechanism are preferred on this surface. We also note that the
recombination mechanism is unfavourable for other configurations of the O*-covered TaON-terminated surfaces as
well as the SrO-terminated surface.
5Figure S4: Density of states projected on the adsorbed O* atoms and the surface layer of (001) TaON-terminated
surface with a) three O* tilted and one vertically adsorbed O* and b) all O* tilted on the surface.
Consequently, we suggest a different OER mechanism (Fig. S6 c) in which the formation of the OOH* is stable in
a further step. The OER steps are described below. The first water molecule enters and the OH fragment is adsorbed
on the O* covered surface (step 1). The OOH* intermediate is not formed in this mechanism. It dissociates to O*
and OH*, both adsorbed on the same Ta site. In step 2, the OH* is oxidized resulting in a Ta atom bonded with two
O* atoms. The second water molecule deprotonates and the OH fragment is adsorbed on one of the two O* atoms
(bonded with Ta) forming a stable OOH* intermediate (step 3). Then the OOH* deprotonates and desorbs as an
O2 molecule resulting in the initial O*-covered surface (step 4). Overall, the overpotential is lower in this mechanism
than in the conventional one rendering this process more favourable for this configuration of the O*-covered TaON
surface.
Step 1: H2O +O∗ → HO∗ + O∗ +H+ + e−
(S28)
Step 2: HO∗ +O∗ → O∗ + O∗ +H+ + e−
(S29)
Step 3: H2O +O∗ + O∗ → HOO∗ + O∗ +H+ + e−
(S30)
Step 4: HOO∗ +O∗ → O2 + O∗ +H+ + e−
(S31)
From the Gibbs free-energy differences (Fig. S6 c), we observe that the step with the highest free energy difference
is the formation of the OOH*. The potential needed to make all the steps thermodynamically favourable is 1.76
V corresponding to a theoretical overpotential of 0.53 V, slightly higher than the one obtained in the clean TaON-
terminated surface.
On the 3 O* tilt surface the upright O* can also act as the active site. It is however associated with a high
overpotential as shown in Fig. S7.
6Figure S5: Integrated local density of states of a) the empty state formed in the band gap and b) the filled state in
the VB with the highest contribution of oxygen states.
Figure S6: Free energy steps of a) the conventional mechanism and b) the new proposed mechanism on the 1 ML O*
covered (001) TaON-terminated surface with all 4 O* tilted on the surface.
7Figure S7: OER steps (left) and Gibbs free energy diagram (right) for the 1ML O*-covered 3 O* tilt
TaON-terminated (001) surface, considering the upright O* as reaction site.
8S3. (001) SRO SURFACE
In Fig. S8 we show a top view of the fully O*-covered SrO-terminated (001) surface.
Figure S8: Representation of the 1 ML O* covered SrO-terminated (001) surface. The adsorbed O* atoms are
drawn as black spheres.
S4. CLEAN AND GROOVED (100) SURFACE
For the (100) surface a full O* coverage on the Sr atoms leads to an unstable surface with adsorbed O* atoms
shifting the surface Sr atoms and resulting in their desorption (Fig. S9). We see that during relaxation the adsorbed
O* atoms desorb from the surface together with surface N and Sr atoms.
Figure S9: Structure of the 1 ML O* covered flat (100) surface.
We hence form a reconstructed (100) slab by removing the Sr atoms belonging to the surface layer of the clean
(100) surface (Fig. S12 (a)). The N and O atoms which were coordinated with the Sr atoms are also removed and the
surface N atom belonging to the TaON-tetrahedron is substituted with an O coming from the same tetrahedron to
cancel the polarity. The reconstruction results in a grooved surface exposing two Ta atoms surrounded by O atoms.
The structure and DOS of this surface are shown in Fig. S10.
We investigate the OER on all the sites of the clean grooved (100) surface (Fig. S11). We note that the sites on
the upper terrace are 5- and 4-coordinated while the sites of the lower terrace are both 5-coordinated. Moreover, the
sites of the upper terrace are surrounded by O atoms in the xy plane with the 4-coordinated site also being bonded
with a N atom along the z direction. The Ta sites on the lower terrace are bonded with N atoms in xy plane and one
of them also along the z direction. We find that the 4-coordinated Ta-site of the upper terrace requires the highest
overpotential having as ODS the formation of OOH* (step 3) (Fig. S11 b). The Ta site on the lower terrace which is
bonded with a N atom in the z direction requires the lowest overpotential having as ODS the desorption of the O2
molecule (step 4) (Fig. S11 d).
The fully O* covered grooved (100) surface on which we cover all four Ta with O* atoms is shown in (Fig. S12 b).
We observe that on the upper terrace where there are no N atoms, the two O are adsorbed in a tilted configuration
with one of them making a bond with the surface O atom while the other does not. On the lower terrace, the O*
adsorb in a tilted (making a bond with the neighbouring N atom) and in an upright configuration similar to the (001)
TaON-terminated surface.
The new mechanism on the tilted and bonded O* of the upper terrace is shown in Fig. S13 and we observe a higher
overpotential than for the recombination mechanism. The OER on the tilted and non-bonded O* of the upper terrace
results in a slightly higher overpotential S14 rendering this site not active for the OER.
9Figure S10: Structure of the (100) stepped surface and its PDOS.
Figure S11: OER steps (left) and Gibbs free energy diagram (right) for the clean grooved (100) surface considering
the two sites of a)-b) the upper and c)-d) lower terrace.
10
Figure S12: Structure of the a) clean and b) fully O* covered grooved (100) surface.
Figure S13: OER steps (left) and Gibbs free energy diagram (right) for the 1-ML-O*-covered grooved (100) surface
considering the mechanism on the overcoordinated Ta site.
Figure S14: OER steps (left) and Gibbs free energy diagram (right) for the 1-ML-O*-covered grooved (100) surface
considering the tilted but not bonded O* as reactive site.
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